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Abstract 
  A signal processing method was developed to improve the resolution and accuracy of 
ultrasonic Doppler ground speed sensors particularly in low speed ranges. Prototype sensors 
were made and tested. The sensor consists of ultrasonic transducers of 200 kHz and electronic 
circuits for signal processing. The frequency of received signal from the ground was multiplied 
by 5 to increase the resolution and mixed with a reference signal of 950 kHz generated from 
the same oscillator as used for the transmission signal. The sensor outputs a beat frequency 
signal, the frequency of which changes from the neutral output of 50 kHz in proportion to the 
travel speed. Performance tests were conducted on model ground surfaces using a linear 
actuator and on field surfaces using a tractor. The prototype sensors could measure the speeds 
of both forward and reverse motions, including low speed motions, with high accuracy. 
Keywords: ultrasonic, Doppler, ground speed, sensor, agricultural vehicles 
 
I Introduction 
  The objective of this study is to develop an accurate ground speed sensor for agricultural 
vehicles. This will improve the accuracy of position detection systems and operation control 
systems of autonomous vehicles at a low cost (Imou et al., 1998), and will also be useful for 
navigation or control systems of sophisticated vehicles used in precision farming. In most of 
those systems, ultrasonic or microwave Doppler speed sensors are used to measure ground 
speed and travel distance of the vehicles. However, conventional sensors were originally 
intended for monitoring tractor performance; most of them are not good for detecting motions 
at lower speeds, and some of them cannot determine reverse motion. In order to solve these 
problems and improve the accuracy, a high-resolution ultrasonic Doppler speed sensor was 
developed (Imou et al., 2001). 
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II Speed Sensor 
1. Signal processing 
  Figure 1 shows a block diagram of a typical conventional ultrasonic Doppler speed sensor. 
An oscillator generates a standard signal of frequency F0. It is amplified and transmitted from a 
transmitter to the ground surface in an inclined direction. The sonic wave is reflected diffusely 
on the ground where it is separated into many weak sounds, a few of which are received by a 
receiver. The Doppler effect causes the frequency to be shifted. If FD denotes the Doppler shift, 
the frequency of the received signal is F0+FD. The signal is amplified and mixed with the 
transmission signal in a mixer to create the beat-frequency signals. The lower frequency beat is 
filtered through a low-pass filter and is the sensor output. Therefore, the output frequency FOUT 
is equal to the absolute value of Doppler shift |FD|. 
    On the assumption that air is stationary relative to the ground, the Doppler shift FD is given 
by: 
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where CS is the velocity of sound in air, V is the vehicle velocity relative to the ground, α is the 
angle between the vehicle velocity vector and the transmitted direction of the ultrasonic wave, 
and β is the supplement of the angle between the vehicle velocity and the direction of the 
received wave.   
  I f   V<<CS, the output frequency FOUT is approximately expressed as follows:   
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The output frequency is approximately proportional to the transmission frequency and the 
absolute value of vehicle velocity. It is obvious from the equation that the conventional speed 
sensor shown in Fig. 1 cannot determine the direction of travel motion, and that at a very low  
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Fig. 1    Block diagram of a conventional ultrasonic Doppler speed sensor  
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velocity, accurate measurement is difficult because the output frequency approaches zero (i.e. 
the time interval between output pulses becomes very long). When the vehicle stops, the 
frequency of the received signal should be equal to the transmitted signal and the output 
frequency should be zero. But in practice, the phase of the received signal varies due to 
vibrations caused by the engine, and so the output frequency is not zero. Therefore, accurate 
measurement is not possible. Hata et al. (1991) decreased the influence of vibration by 
detecting the phase difference between the transmission and received signals, but very low 
velocity or reverse velocity was not measured. 
  In this study, the above problems have been solved. Figure 2 shows a block diagram of the 
electronic circuits. An oscillator generates the standard signal, which is divided into the 
transmission frequency F0. The signal is amplified and transmitted to the ground. The 
frequency of the received signal (F0+FD) is multiplied by k through a frequency multiplier, 
which helps improve the resolution of measurement of the transient speed. 
  The signal of frequency k(F0+FD) is mixed with a reference signal of frequency rF0 that is 
generated from the same oscillator as used for the transmission signal using a frequency 
synthesizer. The mixer outputs a signal of the differential frequency that is the sensor output. 
The output frequency FOUT is expressed as follows: 
   () () D D OUT kF F r k rF F F k F + − = − + = 0 0 0   ( 3 )  
In the equation, we can choose the value of coefficient r suitably by the setting of the electronic 
circuit. Therefore, the value of (k-r)F0+kFD can be kept positive, however the value of FD is 
negative when the vehicle travels in reverse. Hence, the output frequency is expressed as 
follows: 
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Fig. 2    Block diagram of the ultrasonic Doppler speed sensor developed in this study  
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    When the vehicle stops, the output frequency is (k-r)F0, which is the neutral output. While 
the vehicle moves, the output frequency changes from the neutral output approximately in 
proportion to the traveling velocity. Forward and reverse motions can be distinguished as the 
output frequency increases in forward motion and decreases in reverse motion. 
  In navigation systems, accurate detection of the travel distance is important besides the 
detection of transient speed. The distance is obtained from the time integration of the traveling 
velocity, for which the output form described here is advantageous (Nishimura et al., 1996). 
The time integration is easily obtained by counting the number of output pulses at certain 
intervals and subtracting the number corresponding to the neutral output. In this method, the 
distance of reverse motion is negatively integrated. Therefore, the errors caused by vibrations 
of the vehicle do not accumulate. 
  Generally speaking, changes in circuit constants caused by temperature changes greatly 
affect the sensor output. However, in a system in which only frequency signals are processed, 
the temperature effects are relatively small. In the developed sensor, a temperature change 
would affect only the sound velocity in air and the oscillation frequency of the crystal oscillator. 
The effect of the change in sound velocity may be numerically compensated with the measured 
value of the ambient air temperature. Concerning the oscillation frequency, a change in 
ambient air temperature may cause a change of several tens of ppm in oscillation frequency of 
a crystal oscillator. However, the mixing process of two signals decreases the error introduced 
by the change in oscillation frequency. A temperature compensated crystal oscillator with less 
than  ±1 ppm change in oscillation frequency could be chosen, in which case the error will be 
smaller and almost negligible. 
 
2. Sensor construction 
The authors manufactured two types of sensor as shown in Fig. 3. Both sensors have the 
same electronic circuits but their construction is different. In the separate type, coaxial cables 
connect the transducers to a box in which the electronic circuits are placed. The integrated type 
has two transducers attached to the front plate of the sensor.   
 
 
( a )   S e p a r a t e   t y p e                       ( b )   I n t e g r a t e d   t y p e  
 
Fig. 3    Prototype ultrasonic Doppler speed sensors 
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The sensor is powered by a single 12 V source. The transmission frequency and the 
coefficients in Eq. (4) were determined as: F0=200 kHz, k=5, r=4.75. Those values give the 
neutral output frequency of 50 kHz when the vehicle stops. In motion, the theoretical rate of 
change in output frequency is about 4.2 kHz for traveling velocity of 1 m/s when α and β  are 
45 degrees. A 2-MHz modular crystal oscillator is used to generate the standard signal that is 
divided into 200 kHz to drive the transmitter. The reference signal of 950 kHz is also generated 
from the standard signal; it is divided into 50 kHz and multiplied up to 950 kHz using a PLL 
synthesizer. The received signal is amplified with a preamplifier attached to the receiver, and 
amplified again with a tuned amplifier. The tuned amplifier separates false sonic signals and 
noises from the true ultrasonic signal of about 200 kHz. After the amplification, a comparator 
controls the amplitude of the signal, and the frequency is multiplied up to about 1 MHz with a 
5-times tuned multiplier. The signal is mixed with the reference signal in a balanced oscillator 
that is used as a mixer. Finally, a beat of the two signals is output in the form of a pulse train 
with the TTL voltage level. 
  The same ultrasonic transducers (Murata Manufacturing, Model MA200A1) having a 
frequency of 200 kHz and directivity of 7 degrees were used as the transmitter and the receiver 
(Murata Manufacturing Co., Ltd., 1989). Each was fixed in a steel holder with two-part 
urethane rubber for vibration isolation. 
 
III Laboratory Test 
1. Equipment and methods 
  At first, the prototype sensors were tested and evaluated on model ground surfaces in 
constant and reproducible conditions. Two types of commercial sensor were also tested for 
comparison. One of them was a microwave Doppler speed sensor (hereafter referred to as 
"Sensor A") and the other was an ultrasonic Doppler speed sensor (hereafter referred to as 
"Sensor B"). Sensor A had a transmission frequency of 14.125 GHz and a measurement range 
of 0.22 m/s to 13.3 m/s. Sensor B had a transmission frequency of 200 kHz and the 
measurement range was described as over 0.08 m/s. 
 
 
Fig. 4    Test equipment for Doppler speed sensor  
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  The test measurement equipment was constructed using a linear actuator (THK, Model 
LV200+4000L) as shown in Fig. 4. It has a 4 m distance of motion, 2 m/s maximum speed and 
4 m/s
2 maximum acceleration. A PC-based data acquisition system (Yokogawa Electric, Model 
WE7000) with universal counter modules (Model WE7141) was used to measure the frequency 
of output pulses. The universal counter can measure not only the number of pulses but also the 
interval between pulses. Therefore, the frequency of pulses can be measured precisely even in a 
short time. 
    The model ground surfaces used for the laboratory tests were as shown schematically below, 
and as pictured in Fig. 5. 
(a) Concrete floor: Concrete covered with sand particles of less than 2-mm diameter and coated 
with polyurethane resin 
(b) Rubber mat: Striated rubber mat 
(c) Artificial turf (short): Artificial turf with curled 10-mm long pile for baseball ground 
(d) Artificial turf (long): Artificial turf with 22-mm long pile (trade name "Astroturf") 
(e) Wooden semicolumns: Wooden semicolumns glued on plywood 
  Each sensor was mounted on the actuator 40 cm above the model ground surface and 
pointed downward 45 degrees from the horizontal. The actuator moved the sensor in a 
horizontal direction. The sensor was accelerated up to the setting speed in 0.5 s, moved at the 
constant speed and decelerated to a stop in 0.5 s. The moving distance was set at 4 m in all 
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Fig. 5    Model ground surfaces 
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cases. Values of the setting speed were determined with reference to the measurement range of 
each sensor. The universal counter in the test equipment measured the interval between output 
pulses and calculated the time average of output frequency every 100 ms. The data was stored 
in a PC. 
 
2. Results and discussion 
(1) Average output in uniform motion 
  The experimental results of the prototype sensors are shown in Figs. 6 and 7. The ambient 
air temperature was about 18
oC during the tests. The plots show the average values of output 
frequency in uniform motion. The lines are the regression lines of the plots for every model 
ground surface. The small graphs in the upper left are enlarged views of the plots in the vicinity 
of zero speed. Coefficients of the regression lines and the coefficients of determination R
2 are 
shown in Table 1. The results showed that both sensors could measure speeds of as low as 10 
mm/s. The change in output frequency was almost proportional to the speed on every surface. 
It is considered that relatively good results were obtained compared to conventional sensors. 
However, there were some differences in the gradients of regression lines. The output 
frequency varied according to the surface (Tompkins et al., 1988). The results for the concrete 
floor were measurably different from the other results particularly for the integrated type. The 
values of frequency at the intercepts were nearly equal to the neutral frequency of 50 kHz 
except the lines for the concrete floor. The two types of prototype sensor showed almost the 
same performances. However, for the concrete floor, the results of the integrated type were 
worse than those of the separate type. It was considered that the vibration isolation of 
transducers was not perfect in the integrated type, and so the received signal from the floor was 
sometimes weaker than the direct vibration from the transmitter. A smooth surface such as the 
concrete floor would reflect most of the transmitted wave in the opposite direction of the 
sensor. 
  The experimental results showed the good performances of the prototype speed sensors. 
However, the integrated type of sensor still needs to be improved especially for relatively 
smooth grounds such as a concrete surface. 
  Figures 8 and 9 are the results for conventional sensors. Figure 8 shows the results for 
Sensor A. The ambient air temperature was about 14
oC during the test. The sensor did not 
output a pulse at the speed of  ±0.25 m/s on the concrete floor, the rubber mat or the artificial 
turf (short), and so measurement was not possible in those cases. The output characteristics in 
reverse motion were almost the same as those in forward motion. The results showed that the 
output frequency was proportional to the speed for each ground surface. However, there were 
some differences in the gradients of regression lines. Figure 9 shows the results of Sensor B. 
The ambient air temperature was about 17
oC during the test. Measurement was possible at 0.1 
m/s except in the case of the concrete floor or at speeds faster than 0.1 m/s for all model 
grounds. No signal was output in reverse motion. The output frequency was almost 
proportional to the speed on each ground. However, in the case of the concrete floor, the output 
was unstable and the frequency was substantially lower than the others. Coefficients of the 
regression lines and the coefficients of determination R
2 are shown in Table 1.  
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        Fig. 6    Average values of the output frequency from the separate type of 
           prototype  sensor  on  model  ground  surfaces  (Imou  et  al.,  2001) 
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        Fig. 7    Average values of the output frequency from the integrated type of 
           prototype  sensor  on  model  ground  surfaces 
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        Fig. 8    Average values of the output frequency from the commercial microwave 
           Doppler  sensor  (Sensor  A)  on  model  ground  surfaces  (Imou  et  al.,  2001) 
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        Fig. 9    Average values of the output frequency from the commercial ultrasonic 
           Doppler  sensor  (Sensor  B)  on  model  ground  surfaces  (Imou  et  al.,  2001) 
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           Table  1  Regression  coefficients  and  coefficients  of  determination  of  the  
                   experimental  results  on  model  ground  surfaces 
 
Regression line 
Sensor 
Traveling 
direction 
Model ground surface  Gradient 
[kHz/(m/s)] 
Intercept 
[kHz] 
R
2 
Concrete floor 
Rubber mat 
Artificial turf (short) 
Artificial turf (long) 
Wooden semicolumns 
3.724 
3.930 
4.007 
4.037 
4.079 
50.093 
49.996 
50.007 
49.994 
49.997 
0.9986 
1.0000 
1.0000 
1.0000 
1.0000 
All surfaces  3.955  50.018  0.9986 
Separate type of the 
prototype 
(Imou et al., 2001) 
Forward 
and 
reverse 
All surfaces except the 
concrete floor   
4.013   49.999  0.9998 
Concrete floor 
Rubber mat 
Artificial turf (short) 
Artificial turf (long) 
Wooden semicolumns 
3.209 
3.949 
3.895 
4.007 
4.094 
49.821 
49.999 
49.996 
49.993 
50.004 
0.9944 
1.0000 
1.0000 
1.0000 
1.0000 
All surfaces  3.831  49.962  0.9921 
Integrated type of the 
prototype 
Forward 
and 
reverse 
All surfaces except the 
concrete floor   
3.986 49.998 0.9996 
Concrete floor 
Rubber mat 
Artificial turf (short) 
Artificial turf (long) 
Wooden semicolumns 
0.1238 
0.1193 
0.1222 
0.1184 
0.1272 
0.00408 
0.00773 
0.00537 
0.00096 
0.00029 
0.9949 
0.9957 
0.9879 
0.9999 
0.9995 
Forward 
All surfaces  0.1225  0.00323  0.9936 
Concrete floor 
Rubber mat 
Artificial turf (short) 
Artificial turf (long) 
Wooden semicolumns 
-0.1186 
-0.1286 
-0.1283 
-0.1149 
-0.1211 
 0.00637 
 0.00219 
 0.00146 
 0.00279 
 0.00373 
0.9838 
0.9996 
0.9973 
0.9988 
0.9985 
Sensor A 
(Imou et al., 2001) 
Reverse 
All surfaces  -0.1225    0.00297  0.9915 
Concrete floor 
Rubber mat 
Artificial turf (short) 
Artificial turf (long) 
Wooden semicolumns 
1.282 
1.626  
1.578  
1.644 
1.682 
-0.0094  
 0.0122  
 0.0262 
 0.0202 
 0.0192  
0.9978 
1.0000 
0.9998 
0.9998 
1.0000 
All surfaces  1.559    0.0184  0.9729 
Sensor B 
(Imou et al., 2001) 
Forward 
All surfaces except the 
concrete floor   
1.632   0.0194  0.9985 
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(2) Transient output 
  In various automatic control systems, precise measurement of the transient velocity is 
required while the vehicle is being accelerated, decelerated or turned. Therefore, the response 
of the speed sensor is an important factor. 
    To estimate the sensor response, the sensor outputs were stored every 100 ms during the tests 
as described above. Figure 10 shows an example of the stored data that was obtained from an 
experiment for the separate type of prototype sensor at the setting speed of 0.5 m/s on the 
artificial turf (short). The output frequency, the number of output pulses and the true speed are 
plotted in the figure. The time variation in the output frequency showed the fast response. A 
delay in response, which would be a problem in automatic control systems, was not seen. The 
output frequency was stable and almost constant during the uniform motions in both forward 
and reverse directions. The number of pulses counted every 100 ms was also stable because the 
neutral frequency and the ratio of change in frequency were sufficiently high. Therefore the 
travel speed could be precisely measured by only counting the number of pulses from the 
sensor. 
  Sensor B had similar transient output characteristics to the prototype sensor for forward 
motions. On the other hand, the response of Sensor A was relatively slow, and delays of several 
seconds were found in the experimental results. 
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                 Fig.10  Transient  characteristics  of  the  output  frequency 
                        and  the  number  of  output  pulses  (Imou  et  al.,  2001) 
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Fig. 11    Tractor used for the field tests 
 
IV Field Test 
1. Equipment and methods 
  Field tests were conducted on the separate type of sensor using a tractor (Mitsubishi, Model 
RC-1) with no implement load as shown in Fig. 11. The sensor was mounted on the tractor 
head 40 cm above the ground surface and pointed downward about 45 degrees from the 
horizontal. At first, a calibration test was carried out in a flat grass farm after cutting the grass. 
The tractor was driven the test distance of 10 m at a constant speed. The travel speeds were set 
0.17 - 2.67 m/s in forward motion, and 0.14 - 1.23 m/s in reverse motion. The travel time for 
the test distance was measured with a stopwatch. A PC mounted on the tractor counted the 
output pulses from the sensor. A calibration equation was obtained from the results of the test. 
  Performance tests of the sensor were conducted on five types of ground surface to evaluate 
the sensor accuracy. The surfaces were as follows: 
(a) Asphalt pavement: Flat and smooth surface of asphalt pavement 
(b) Graveled road: Road surface covered with broken stones 
(c) Flat grass field: Flat field covered with grass of less than 5 cm length 
(d) Rough grass field: Surface with a roughness height of about 5 cm, which was covered with 
      grass of 5 - 10 cm height 
(e) Smooth soil surface: Flat and compacted soil surface 
The test distance was 50 m, in which the tractor was driven at a constant speed. The travel 
speeds were set at 0.7, 1.0, and 1.5 m/s. 
 
2. Results and discussion 
  Figure 12 shows the results of the calibration test on a flat grass field. The ambient air 
temperature was 14.4 - 15.5
oC during the test. The plots represent the average values of output 
frequency at various travel speeds. The regression line is also shown in the graph. The results 
indicated a good linearity over the range of test speeds. The regression coefficients and the   
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Fig.12    Result of a calibration test on a flat grass field after cutting the grass 
 
coefficient of determination were as follows: Gradient: 3.796 kHz/(m/s), Intercept: 50.017 kHz, 
R
2: 0.9999. The values are similar to those obtained from the results of laboratory tests shown 
in Table 1. 
  Results of the performance tests on various surfaces are shown in Table 2. The ambient air 
temperature was 9.4 - 10.8
oC. The values of indicated speeds were calculated from the average 
values of output frequency using the calibration equation, and were compensated for the 
change in sound velocity based on the measured ambient air temperature. The indicated speeds 
were close to the actual speeds on every ground surface. The percentage error in the average 
value of indicated speed ranged between -1.63 and 1.03%. The results did not show any 
particular pattern of percentage error within the ranges of test conditions.   
  The prototype sensor could measure the travel speed of the tractor with high accuracy. 
However, further tests are needed to investigate the effects of attitude of the vehicle, tall plants 
on the surface, and the wind condition. Those aspects will be discussed in further studies. 
 
V Summary and Conclusions 
    The results of this study may be summarized as follows: 
a) A signal processing method was developed to improve the resolution and accuracy of 
ultrasonic Doppler ground speed sensors particularly in low speed ranges.   
b) A separate type and an integrated type of prototype sensor were manufactured and tested on 
model ground surfaces in a laboratory. The sensors could measure the speed of both forward 
and reverse motions with high accuracy, and could measure speeds of as low as 10 mm/s.   
c) Two types of prototype sensor showed almost the same performance for rough surfaces. 
However, the separate type showed better performance for a smooth surface such as a concrete 
floor.  
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Table 2    Indicated speed and percentage error in field tests 
 
Surface  Actual speed (m/s)  Indicated speed (m/s)      Error (%) 
0.675   0.673   -0.22  
0.980   0.976   -0.47  
Asphalt 
pavement 
1.478   1.462   -1.63  
0.683   0.684   0.03  
0.991   0.984   -0.77   Graveled road 
1.494   1.481   -1.38  
0.690   0.692   0.22  
0.994   1.005   1.03   Flat grass field 
1.508   1.503   -0.52  
0.685   0.683   -0.16  
0.977   0.981   0.42  
Rough grass 
field 
1.464   1.464   -0.01  
0.688   0.686   -0.15  
0.993   0.997   0.44  
Smooth soil 
surface 
1.499   1.501   0.18  
 
d) The output frequency of each prototype sensor was stable and almost constant during 
uniform motions, and delays in response were not seen.   
e) Field tests were conducted on the separate type of sensor using a tractor on five types of 
ground surface. The results of a calibration test on a grass field indicated a good linearity. The 
percentage error between the actual speed and the average value of indicated speed ranged 
between -1.63 and 1.03%.   
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